Energy dynamics of a natural population of the cotton bollworm, Helicoverpa armigera, was investigated using a combination of field surveys and a laboratory energy budget experiment. The ingestion and production of the population (during generations 2nd-4th) were 29.59 kJ/m 2 and 2.69 kJ/m 2 , respectively. The assimilation efficiency ranged from 64.67 to 75.72%, and the net ecological efficiency was 9.21-16.21%. Of the fruit production of cotton plants, 0.17% was consumed and 9.80% damaged by the bollworm population over the entire study period. Both percentages were significantly higher in the 2nd generation than those in the 3rd and 4th generations. This work provides strong evidence that H. armigera is a major pest in a cotton agroecosystem in North China, and the second generation was the key damage-causing generation.
INTRODUCTION
With the development of ecological energetics and the ongoing need for pest management, inset ecological energetics is an important field in contemporary insect ecological research. Much literature is available on the individual, population and community energetics of insects (Hinton, 1971; Wiegert and Petersen, 1983; Kaushal and Joshi, 1991) . These analyses are essential to determine the ecological role of insect populations in an ecosystem, and are useful to predict and reduce the loss caused by insect pests. Sinha et al. (1986) did some work on the bioenergetics of Ephestia cautella to evaluate its potential for damaging stored wheat. Kohler et al. (1987) compared the energy dynamics of three central European grasshopper species and evaluated the significance of these grazers in grassland ecosystems. However, the number of detailed studies in insect energetics is still extremely small compared to the total species number in this arthropod class (Wiegert and Petersen, 1983) , and little information on ecological energetics of the cotton bollworm has been reported.
The cotton bollworm, Helicoverpa armigera, is one of the most important cotton pests in Northern China. It passes through four generations annually and damages cotton during the 2nd, 3rd and 4th generations. Because of its economic importance, a considerable amount of research has been conducted on its biology (Common, 1953; Daly and Gregg, 1985) , its population ecology (Ding, 1986) , its physiology and behavior (Cullen, 1969) , and its management (Osborne et al., 1996) . Wu and Gong (1984) and Wu et al. (1986) investigated the respiration and energy budget of H. armigera on the individual level. To our knowledge, however, no attempt has been made to describe the population energy dynamics of this species. The present study was designed to quantify the energy dynamics of H. armigera populations, to define the effect of the population on energy flow in cotton field ecosystems and to evaluate the damage it can cause to cotton. Individual energy budget of H. armigera: Rearing procedures. H. armigera individuals used for measurements were reared in the laboratory and fed on an artificial diet for about 3 years. During the experiment, the larvae were fed on natural food under long-day conditions (16L:8D) and temperature control (25Ϯ1°C). Larvae were fed on young cotton leaves during the 2nd and 3rd stadia, and fed on bolls during the 4th, 5th and 6th stadia.
MATERIALS AND METHODS

Study
Individual energy budget of H. armigera: Weight and energy determinations. Food supplied, uneaten food, rejecta, insect bodies and exuviae at each developmental stage were collected separately, dried and weighed. Energy content of all the above samples was determined by using a Phillipson microbomb calorimeter. In most cases, two replicates of each type of material were used.
Individual energy budget of H. armigera: Parameters of energy budget. Food consumption (I), rejecta (FU), body growth (Pg) and exuviae (Pe) at each developmental stage can be calculated from the biomass and energy content of food consumed, rejecta, insect body growth and exuviae. The respiration values (R: J) were calculated from equation:
RϭIϪPgϪPeϪFU.
The individual energy budget of H. armigera measured by Wu et al. (1986) where i is the larvae stage of H. armigera (iϭ1, 2,…6), E i is the energy loss of i stage exuviae, M i is the energy loss of dead larvae and PЈ is the pupa population production. Because pupae don't acquire any energy, the production of existing pupae is the final population production.
Energy dynamics of H. armigera population: Population respiration. Energy loss through respiration of population was estimated using the equation as follows:
where T i is the average ambient temperature in the field during the investigation of bollworm in i stage, and 2 (T i Ϫ25)/10 is used to correct for changes in atmospheric temperature; R i is the energy loss (kJ · ind
Ϫ1
) through respiration during a given life stage at 25°C under laboratory conditions (Wu et al., 1986) ; N i is the total number of cotton bollworms in the stage.
Energy dynamics of H. armigera population: Population rejecta. Energy of population rejecta, comprising egesta and excreta, was given by:
where FU i is the energy of rejecta (kJ · ind Ϫ1 ) during a given stage, N i is the total number of cotton bollworms in the stage.
Energy dynamics of H. armigera population:
Population ingestion and assimilation. The energy of population ingestion was calculated from the fundamental equation:
IϭPϩRϩFU .
Assimilation was derived as:
AϭPϩR Production of reproductive organs in cotton plant. In a field survey, we also investigated the number and biomass of cotton plant buds, flowers and bolls. The following equation was used to determine the production of reproductive organs (Pr: kJ) in cotton plant:
where j represents different reproductive organs (buds, flowers and bolls), B j is the biomass of a given reproductive organ during the experiment and C j is the energy content of the reproductive organ.
Ecological efficiencies. Components of the energy budget result in the following food utilization efficiencies:
Assimilation efficiency AEϭA/I Gross ecological efficiency GEEϭP/I Net ecological efficiency NEEϭP/A Consumption efficiency CEϭI/Pr Damaged numbers of cotton. Because of the transporting-damage feature of a bollworm population, only a part of the reproductive organ in the cotton plant was eaten, and the remnant part fell off, putrefied or metamorphosed. Thus, the ingestion by the pest population is lower than the actual damage. Therefore, we use the damaged number and damage efficiency to evaluate the damage content.
The number of reproductive organs damaged by larvae of different generations was calculated based on damage research made by Zhai et al. (1992) (see Appendix 2) in the same area.
where k is the generation of H. armigera (kϭ2, 3,4), i is the developmental stage (iϭ1,2,…6), and D ki is the average number of cotton reproductive organs damaged by individual larvae in k generation and i stage. A ki is the number of larvae in k generation and i stage.
Damage efficiency was calculated using the following equation:
DEϭPd/Pr where Pd is the damaged production of the cotton reproductive organ, Pr is the total production of the cotton reproductive organ.
RESULTS
Life table of H. armigera population
We constructed a cohort life table from the survey results. The life table of H. armigera is given in Table 1 for the 2nd, 3rd and 4th generations in a cotton field in North China in 1999.
Energy dynamics of H. armigera population
The egg mass of H. armigera natural populations in a cotton field in 1999 was recorded in detail (Table 2) .
Based on the life table and the egg numbers of the bollworm population and the individual energy budget, we can calculate all the energy parameters. The energy dynamics parameters are summarized in Table 3 . The annual population ingestion was 29.56 kJ · m Ϫ2 , and the annual production was 2.69 kJ · m Ϫ2 . The ingestion by the 4th generation was significantly higher than that of the 3rd generation (F 2,9 ϭ4.439, pϽ0.05). The production of the 4th generation was significantly higher than that of the 2nd and 3rd generation (F 2,9 ϭ8.174, pϽ0.05).
Ecological efficiencies
The assimilation efficiency (A/I) reflects how well the insect utilizes consumed energy for maintenance of life and growth (Table 4) . A comparatively low value in the 4th generation may result from the lignification of bolls.
Gross ecological efficiency (P/I) of H. armigera was 8.35-10.48%. Net ecological efficiency (P/A) was 9.21-16.21% (Table 4) .
Damage effect of cotton bollworm
Consumption efficiency (I/Pr) indicates the damage effect of pests. The values of different generations in H. armigera are listed in Table 4 . The consumption efficiency of the 2nd generation was significantly higher than that of the 3rd and 4th generations (F 2,9 ϭ55.133, pϽ0.001).
Damage characteristics
The number of reproductive organs damaged by the bollworm was significantly lower in the 3rd generation (F 2,9 ϭ11.461, pϽ0.05) than that in the 2nd and 4th generations, and the number that fell off was significantly higher in the 2nd generation (F 2,9 ϭ23.607, pϽ0.01) than in the 3rd and 4th generations (Table 5 ). The damage efficiency of the 2nd generation was significantly higher than that of the 3rd and 4th generations (F 2,9 ϭ34.864, pϽ 0.05).
DISCUSSION
Ecological efficiencies
Considerations of efficiencies are of fundamental importance in energy flow studies (Engelmann, 1966) . The assimilation efficiency (68.61%) of H. armigera was somewhat higher than the average value of several insect populations (Table 6 ). H. armigera mostly feed on buds and bolls, but other insects listed in Table 6 feed on leaves. Probably because of the high content of cellulose in leaves, more energy was lost through excretion in other insects, and less energy as a proportion of food ingestion was in fact assimilated. Gross ecological efficiency has been reported as a constant for all populations, varying from about 5% to 15% in nature (Slobodkin, 1960) . The value of H. armigera (9.09%) fell within this range.
Net ecological efficiency was higher in the 4th generation than in the 2nd and 3rd generations. In the range of 20-35°C, respiration rate increases with temperature (Wu and Gong, 1984) . The average temperature (20.3°C) during the 4th generation Duke and Crossley (1975) was lower than that during the 2nd (25.2°C) and 3rd (27.1°C) generations. Therefore, bollworms in the 4th generation spent less energy on respiration and had a higher net ecological efficiency. Net ecological efficiency was lower in H. armigera (13.24%) than in other insects (30.0-57.98%).
Other insects feed on leaves, and they can obtain food easily. Larvae of H. armigera must spend more energy to find buds and bolls. Thus, H. armigera consume more energy in respiration and convert less energy into body tissue. The comparatively high assimilation efficiency and low net ecological efficiency appear to be a physiological adaptation of the bollworm.
Damage to cotton production
The average consumption efficiency of the bollworm population (0.17%) was much lower than the average value of terrestrial herbivorous insects (3.5%) (Wiegert and Petersen, 1983 ) and grasshoppers (2.23%) (Qiu and Li, 1992) . But H. armigera individuals feed on buds, flowers and bolls, and their ingestion will have a great effect on the reproduction and productivity of the cotton plant. Moreover, the remnant part of the damaged organs fell off, putrefied or metamorphosed, so the consumption efficiency was lower than the actual damage. Therefore, we use the damage efficiency to indicate the extent of damage. The average value in this study was 9.8%. It is not only higher than the average consumption efficiency of herbivorous insects, but also much higher than the economic threshold (2%). The population of H. armigera plays an important role in the energy flow of the cotton ecosystem, and is a major pest that affects the production of cotton greatly.
Population management
During the 2nd generation, the average damage of the reproductive organ was 17.2 ind/m 2 . After foraging, 11.3 ind/m 2 of the reproductive organs had fallen off. Because the production of cotton reproductive organs during this period was comparatively low, the damage efficiency was the highest (18.36%).
During the 3rd generation, all of the reproductive organs exist abundantly, so it is easy for bollworms to locate their preferred organs. However, the average damage number in this period was 8.5 ind/m 2 , lower than that in the 2nd generation. This is probably because the energy of each reproductive organ was lower in the 2nd generation, and larvae must consume more organs to meet their energy demands. The damage efficiency was lowest (0.99%) for the high production of the cotton reproductive organ during this period. During the 4th generation, the average damage number was 21.1 ind/m 2 . Only 3.5 ind/m 2 reproductive organs were consumed and fell off. Although most of the damaged reproductive organs didn't fall off, the foraging behavior of the bollworm still had some effect on the quality and quantity of the cotton product. The damage efficiency was 11.8%.
Previous literatures suggest that the 2nd and 3rd generations are the key damage generations of H. armigera. In our study, during the 2nd generation, the production of cotton reproductive organs was the lowest, and the consumption efficiency and damage efficiency were significantly higher, which means that the proportion of ingested and damaged reproductive organs was the largest in this generation. This shows that the 2nd generation was the key-damaging generation in North China in 1999. Therefore, the management of H. armigera should be focused on the 2nd generation.
This study is a valuable advance in the understanding of energy dynamics of the cotton bollworm H. armigera, which is a major economic pest. Energy dynamics is a synthetic reflection of population density, mortality and caloric values. We believe that this methodology is very useful to quantify the potential damage to cotton caused by this pest, and will assist in formulation of future control strategies. Appendix 1. Individual energy budget of H. armigera fed on natural food under laboratory conditions (from Wu et al. (1986) 
